In the present paper it is assumed that the recrystallization temperature of uranium dioxide decreases with burn-up. Two opposing effects of enhancement and mhibition of irradiation damage introduced by fission effect on gram growth are described. Mathematical model of fission gas release from the UO 2 fuel affected by grain growth is presented. Theoretical results are compared with the experimental data.
Introduction
Out-of-pile experiments show that during annealing the irradiated UO2 samples bursts of fission gas release occur [1] . After a small burst release at relatively low temperature, a large burst release appears at high temperature. The critical temperature for high temperature burst release is about 1800°C for low burn-up (about 7 MWd/kgU) and decreases to about 1500°C for high burn-up (30 MWd/kgU).
The point defects induced by radiation begin to recover at 450-650°C and are completely almost recovered above 850°C, while defect clusters of dislocations and small intragranular bubbles require 1150-1450°C [2] .
Thermal recovery of radiation defects and microstructure change in irradiated UO2 fuels studied by X-ray diffraction and transmission electron microscopy lead to the conclusion that the gas release kinetics from irradiated UO2 is determined by the kinetics of thermal recovery of the radiation induced defects.
If the point defects, defect clusters of dislocations and small intragranular bubbles are thermally recovered at the temperatures below 1450°C, a natural question concerns nature of forces which immobilise the noble gases. Hence an additional trapping process of inert gas atoms with the uranium dioxide material is suspected to occur.
(143)
The process of strong binding of the fission gas fragments with the irradiation defects is described in the literature as a process of chemical interaction with UO2 [3] . It is assumed that the vicinity of the fission fragment trajectory is the place of intensive irradiation induced chemical interaction of the fission gas products with UO2 [3] .
We can further assume that above a limiting value of fission fluency (burn-up) . a more intensive process of irradiation induced chemical interaction occurs. Significant part of fission gas product is thus expected to be chemically bound in the matrix of UO2. Furthermore, it is expected that the gas can be released only in the process of recrystallization. The higher fission fluency (burn-up) the higher amount of gas should be released and the lower recrystallization temperature should be observed. Out-of-pile experiments [1] support this assumption since the critical temperature of fission gas burst release during annealing decreases with burn-up.
The critical temperature decrease with burn-up suggests that the recrystallization temperature of UO2 is changed by the process of chemical interaction. It is clear that during irradiation the grain growth should be observed above the recrystallization temperature and division of grains below the temperature should be observed when saturation is obtained. This means further that the recrystallized region will be adjacent to the subdivided grain region and the appearance of interface between the two regions will be determined by the recrystallization temperature. It can also be expected that in the recrystallized grains the defects are swept out.
This seems to be natural since the chemically bound fission gas atoms substituting for example uranium atom in the crystallographic lattice can form weak facets. The recrystallization temperature should decrease the more fission gas atoms are retained. At certain saturation condition division of the grains can occur and the increase in fission gas products release may be expected.
The fact that the process of grain division for high burn-up (70-80 MWd/kgU) forms an extremely fine structure to a temperature as high . as 1100°C and that the decrease in fission gas concentration in the fuel [4] supports this concept. Also the recrystallized grain region is found to be adjacent to the subdivided grain region and in the recrystallized grain no defects or bubbles are observed [5] .
The decrease in critical temperature to about 1100°C for over 1% fractional fission gas release from the fuel and for high burn-up, reported by Vitanza et al. [6] , well correlates with the experiments [1] and [4] mentioned above. This also gives evidence for the concept of chemical interaction of the fission gas atoms with the atoms of the fuel.
In the following, we assume further that all the retained gas atoms in the lattice are released from the volume of recrystallized grains.
Assuming that the Vitanza curve [6] describes the change of uranium dioxide recrystallization temperature we can say that the grain growth rate depends on the burn-up in the way given by the best fit of the grain size change with the curve.
Modification of grain growth equation
The grain growth model of Ainscough et al. [7] is generally considered to be the best available one. 
To solve Eq. (1) it is necessary to know the initial grain size. It was found that the concentration of fission products is an important factor in retarding the grain growth [7] . Equation (1) was modified [7] to allow for the increasing retarding effect of fission products by replacing Dm by the limiting grain size by Dm, dependent on temperature and burn-up where B is the burn-up in MWd/tU. Comparing the empirical data [8] of limiting grain size influenced by irradiation conditions with the limiting grain size described by Eq. (2) we came to the . conclusion that the function f (B) dependent on burn-up is The coefficient k in the simple rate Eq. (1) describes the term of grain growth rate dependent on temperature. However, the out-of-pile annealing experiments referring to the burst of fission gas release [1] , the decrease in critical temperature for fractional fission gas release from the fuel above 1% [6] and the in-reactor experiments of grain growth in function of temperature [7] for different burn-ups imply that the coefficient k should also depend on burn-up. Equation (la) presents the coefficient k for non-irradiated UO 2 fuel. Therefore the temperature in this equation (la) should be increased by the value dependent on burn-up in order to obtain the Vitanza curve. It means that the recrystallization temperature occurs at earlier temperatures when the burn-up is higher. Finally, we evaluated that the grain growth constant k in the simple rate equation obtains the form
The above considerations show that the irradiation damage (burn-up) introduced by fission events have two opposing effects on grain growth. The large concentration of fission gas atoms in the lattice introduced in fission spikes enhances the transfer of atoms across a boundary, increasing the rate of growth.
The higher is burn-up, the higher is the value of k and consequently the higher is the grain growth rate.
Conversely, the impurities (burn-up) introduced by fission inhibit growth. The higher is burn-up the lower is the limiting grain size (see Eq. (2)).
Solving numerically the differential equation (1) with the help of the modified Runge-Kutta integration method using the new grain growth rate constant (4) we obtain a reasonable agreement with the experimental data of in-reactor grain growth versus temperature for two different burn-ups -see Fig. 1 and Fig. 2. 10% of grain size increase for burn-up B = 6560 MWd/tU occurs at about 1300°C ( Fig. 1) and for burn-up B = 12865 MWd/tU at about 1200°C (Fig. 2) . This correlates very well with the Vitanza curve. The same above principle of temperature appointment at 10% grain size increase allows us to invent the curve of recrystallization temperature versus burn-up (Fig. 3) from the family curves of grain growth in function of temperature for different burn-ups (Fig. 4) . Fitting the curve of recrystallization temperature in function of burn-up with the Vitanza curve is fairly good but for low burn-up. As Vitanza curve describes the critical temperature of fractional fission gas release from fuel above 1% in function of burn-up [6] and for low burn-up the single gas atom diffusion is most significant in fission gas release [9] , it means the process of recrystallization for low burn-up is negligible. Therefore the comparison of Vitanza curve with the recrystallization temperature versus burn-up has no basis for low burn-up.
Algorithms of fission gas release due to recrystallization
of UO2 grains It is generally accepted that most of the insoluble inert gas atoms of xenon and krypton produced during fissioning are retained in the fuel irradiated at a temperature lower than the threshold [9] [10] [11] [12] [13] [14] [15] [16] [17] . We assume that most of the gas atoms are retained in the matrix of grains being there immobilised or are precipitated into small fission gas bubbles.
We assume further that the retained gas atoms in the fuel are released from the volume of the recrystallized grains.
The defect trap model of fission gas behaviour in UO2 fuel described in the papers [9, [18] [19] [20] should be supplemented by the description of the grain growth process. In the model it is assumed that the fission gas atoms trapped in the matrix of UO2 and that trapped in bubbles exist side by side with the intermediate gas, which consists of the gaseous fission fragments and the kinetically excited fission gas products. The processes of resolution, knock-out and bubble diffusion are used.
It is well known that the grain growth in polycrystalline materials is caused by a preferential shrinkage of smaller grains due to their relatively smaller radii of curvature. An average number of grains, No, in a unit volume is where p -porosity in %, Do -initial grain diameter.
At the elevated temperature the number of grains, N, in the unit volume is fixed by the limiting grain size, Dm :
The initial grain size, Do, is easily measurable while the limiting grain size • after the grain growth, D m , is determined from Eq. (2) .
In order to complete the set of differential equations of the defect trap model of fission gas behaviour, the release rate of re-soluted gas and trapped in the bubbles is to be determined. Multiplying the volume rate of grain by the concentration of re-soluted gas atoms in the matrix, Mr , and trapped gas atoms in the bubbles, Mtr . , w e o b t a i n t h e r e l e a s e f r o m o n e g r a i n , Rg
where dD/dt is determined from Eq. (1) and Eq. (2), (3) and (4).
The product of release rate from one grain, Rgo, and the number of grains, N, at elevated temperature, defined by Eq. (6), determines the release rate from a unit volume.
It is assumed that the total surface area versus burn-up does not change during the process of grain growth.
Finally, the defect trap model presented previously [9, [18] [19] [20] can be supplemented with the description of fission gas behaviour due to grain growth process, according to the aforementioned assumptions. The coupled equations of such model are solved numerically using the modified Runge-Kutta method and the explicit finite-difference technique -Crank-Nicolson scheme.
Comparison with experiments
When grain growth occurs, the gases are released more rapidly than they are released by knock-out process.
Two cases were calculated in order to examine the influence of grain growth on fission gas release. The calculations have been carried out for the case of the temperature 1100°C which required taking the grain growth into account, and the other, for the temperature 1000°C, when no grain growth occurs. The initial grain size of 8 μm and the fission rate f = 10 14 fissions/(cm3 s) were used in the calculations. Figure 5 displays the results together with the experimental data presented in Ref. [21] .
In Fig. 6 we show the calculation of fractional fission gas release (release/birth) versus burn-up for three temperatures (877°C, 1077°C and 1327°C) which are compared with the experimental results presented in Ref. [14] . The experimental results are grouped into two temperature ranges: 877-1077°C and 1077-1327°C.
Both, Fig. 5 and Fig. 6 , show a reasonably good agreement of the calculated and measured gas release. Comparing the figures we can see that the fractional fission gas release for the temperature 1077°C is higher than for the 1100°C. This peculiarity is explained by the influence of initial grain size on fission gas release. 
Conclusions
The modification of grain growth equation is performed by taking into account two opposing effects of enhancement and inhibition of irradiation damage introduced by the fission effect on the grain growth. The defect trap model of fission gas behaviour is improved by including description of the grain growth process. The larger is the initial grain size the smaller is the fission gas release. The calculated and experimental results are remarkably close to each other, and therefore give us confidence in the model. In particular it supports the assumption that the Vitanza curve presents the recrystallization temperature of uranium dioxide grains.
